Background and objectives The two largest studies of mammalian target of rapamycin inhibitor treatment of autosomal dominant polycystic kidney disease (ADPKD) demonstrated no clear benefit on the primary endpoint of total kidney volume (TKV) or on eGFR. The present study evaluated two levels of rapamycin on the 12-month change in 125 I-iothalamate GFR (iGFR) as the primary endpoint and TKV secondarily.
Introduction
Progressive renal failure in autosomal dominant polycystic kidney disease (ADPKD) (1) has been associated with cystic expansion of total kidney volume (TKV) (2-4) and height-adjusted TKV (5) . Cyst development arises from the primary loss-of-function germline mutation (6, 7) and "second-hit" somatic mutation (8) , and it can be accelerated by a "third hit," such as ischemia-reperfusion injury (9) . Damaging effects of cysts depend primarily on their size and location, and eventually hyperfiltration fails as a compensatory mechanism (10) .
Experimental therapies for ADPKD (11, 12) include rapamycin, a mammalian target of rapamycin (mTOR) inhibitor (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . Prolonged rapamycin treatment inhibits not only mTOR complex 1 (mTORC1, raptor) activity but also mTOR complex 2 (mTORC2, rictor) assembly and Akt/protein kinase B (13, 14) . mTORC1 affects cell growth and proliferation; mTORC2 affects cell survival, cell polarity, and cytoskeletal organization (13) . There is genetic, biochemical, and pharmacologic evidence for excessive mTOR activity promoting cystogenesis in PKD (15) .
However, in humans with ADPKD, the mTOR inhibitors rapamycin and everolimus have demonstrated no clear-cut benefit (16) (17) (18) . After 2 years of everolimus treatment, increasing TKV slowed transiently but renal function worsened (16) ; 18 months of rapamycin therapy had no effect on TKV but was associated with a trend toward slowing of renal function decline (17) ; and 6 months of rapamycin treatment had no protective effect on renal function or TKV but was associated with a decrease in the relative change and a trend toward an absolute change in renal cystic volume (18) . In human ADPKD studies, GFR was estimated by the Modification of Diet in Renal Disease Study and CKD-Epidemiology Collaboration (CKD-EPI) equations (16, 17, 26) or measured by plasma clearance of nonradioactive iohexol (18) . In this pilot study, our hypothesis was that a more accurate measure of change in GFR using 125 I-iothalamate (primary endpoint) might reveal a treatment effect with better tolerated low-dose rapamycin treatment for 12 months.
Materials and Methods

Patients
Thirty patients age 21-66 years with ADPKD (27) and an iGFR$25 ml/min per 1.73 m 2 were enrolled with their informed consent from December 2006 to July 2009 in a 12-month open-label pilot study of rapamycin treatment. Exclusion criteria were diabetes mellitus, hospitalization for acute illness in the previous 2 months, life expectancy ,2 years, pregnancy, history of nonadherence or drug or alcohol dependency, serious psychiatric illness, proteinuria.500 mg/24 hours, fasting hypertriglyceridemia.400 mg/dl or LDL cholesterolemia.190 mg/dl despite treatment, thrombocytopenia,100,000 platelets/ml, use of systemic immunosuppressive drugs, or participation in another interventional study. The study was approved by the institutional review board and registered (ClinicalTrials. gov ID: NCT00286156). Patients were randomly assigned in this pilot study to one of three groups: low-dose (LD) rapamycin with trough blood levels (TBLs) of 2-5 ng/ml (LD group; n=10), standard-dose (STD) rapamycin with TBLs.5-8 ng/ml (STD group; n=10), or standard care (SC group; n=10). Rapamycin was provided as a 1-mg Rapamune (Pfizer, Inc., New York, NY) tablet, with doses to achieve the desired blood levels. TBLs were obtained 24 hours after the previous day's morning dose at weeks 1, 2, 4, and 6 and months 3, 6, 9, and 12. As standard care, fluid intake of 2500-3000 ml/24 hours, primarily water; a low-sodium diet of 2300 mg/24 hours; and caffeine avoidance were recommended to all patients, along with control of hypertension. Adverse events were reviewed every 3 months with an independent physician data safety monitoring officer.
Laboratory and Radiographic Methods
GFR was measured at baseline and 6 and 12 months using 125 I-iothalamate and urinary clearances (coefficient of variation, 9.2%) (28) . eGFR was calculated by the CKD-EPI equation (26) in the same patients who had iGFR data at those time points. Rapamycin blood levels were measured by liquid chromatography-mass spectrometry (29) . All computed tomography (CT) scans were obtained at baseline and 6 and 12 months, without intravenous or oral contrast, on a multidetector CT scanner (Siemens Medical Solutions, Forchheim, Germany) using submillimeter collimation. Images were reconstructed at 3 mm and then 1-cm slice thickness and interval for volume measurements. The liver and renal margins in each contiguous 1-cm-thick slice were traced by hand by a single CT technologist using commercially available software that automatically calculates the area within each tracing. The organ volume was calculated by summing the product of the area measurements for each slice multiplied by the thickness of each slice (1 cm). All measurements were reviewed by an experienced radiologist (B.R.H.). This method has been validated for calculating liver volumes in living donor liver transplantation (30) .
Statistical Analyses
The Fisher exact test was used to test the association between study groups and categorical variables. Statistical comparisons of baseline levels and changes in study measures between baseline and follow-up were tested with between-patient ANOVA and t tests. Pairwise group comparisons were conducted with Tukey adjustment for multiple testing. Mixed models were also used for evaluating changes of study measures over time. For mixed models, maximum likelihood was used to estimate effects with missing levels; for ANOVA models, observations with missing values were excluded. The covariance structures for mixed models were selected on the basis of the smallest Akaike information criteria based on iteratively testing common covariance structures. Study measures used for ANOVA and mixed models were tested for normality assumptions according to the Shapiro-Wilk tests, and there was no evidence of departures from normality. A type I error probability ,0.05 was considered to represent statistical significance throughout the study.
Results
Baseline demographic characteristics and risks for rapid progression of ADPKD did not significantly differ among the three groups ( Table 1 ). The mean (6SD) age of patients in this study was 49.3612.0 years. Change in mean arterial blood pressure (MAP) over time was not significantly different by study group based on the mixed model (P=0.34) (Supplemental Table 1 ). However, the STD rapamycin group did have higher overall MAP levels than both the LD rapamycin group (P=0.03) and the SC group (P=0.01). MAP levels did not change significantly over time by group (P=0.34) or time overall (P=0.26). Significant separation of rapamycin TBLs was achieved between the LD and the STD groups. On the basis of results of the mixed model, during the study the LD group had significantly lower rapamycin TBLs (mean range, 2.4060.64 to 2.9061.20 ng/ml) than those in the STD group (mean range, 3.9362.27 to 5.7761.06 ng/ml) (P,0.01) (Supplemental Table 2 ). Of the 136 rapamycin TBLs expected for the 17 rapamycin-treated patients completing the study, 118 (86.8%) were obtained (Supplemental Table 2 ).
According to ANOVA results for the difference between 12-month and baseline levels, the primary endpoint of change in iGFR was significantly higher in the LD group Figure 1 ). The combined treatment groups also had significantly improved iGFR at 12 months (LD+STD versus SC: P,0.01) ( Table 2) . At 6 months, the change in iGFR was also significantly higher in the LD group than in the SC group (P=0.04) and in the LD+STD versus SC groups (P=0.01), but not in the STD versus SC groups (P=0.09) or the LD versus STD groups (P=0.94) ( Table 2) . In a mixed model with autoregressive covariance structure, the qualitative findings were consistent with a significant change in iGFR by study group (P for time3group interaction,0.01). Pairwise comparisons between groups using the mixed model results indicated that after accounting for multiple testing, the change in iGFR was statistically significant between the LD and SC groups (P,0.01) but not significant between the LD and STD (P=0.23) or STD and SC (P=0.05) groups. In secondary analyses, change in estimated GFR by the CKD-EPI equation at the same time points in these same patients did not show any significant change (Table 2) . These results were also consistent in mixed models indicating no group, group3time, or overall time effect.
TKV had not significantly changed at 12 months with LD or STD rapamycin (Table 3, Supplemental Figure 1 ). These results were consistent in the mixed model using measures at baseline and 6 and 12 months. There was no difference in overall TKV levels (P=0.54) or group3time interaction (P=0.20), but there was a significant increase over time (P,0.01). Change in total liver volume did not significantly differ in the LD or STD group (Supplemental Table  3 ). There were no significant effects of group, time, or time3group interaction on total liver volume in the mixed model.
Except for an increased platelet count at 12 months, the groups did not significantly differ for hemoglobin; fasting LDL cholesterol or triglycerides; serum magnesium (Supplemental Table 4 ); or use of angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, statins, or triglyceride-lowering medication (fibric acid derivatives or omega-3) (Supplemental Table 5 ). Diuretics (hydrochlorothiazide in five patients and torsemide in one) were used significantly more frequently in the STD group (six patients) than in the LD group (no patients) for treatment of calcium oxalate renal stones (three patients), hypertension (two patients), and edema (one patient) (Supplemental Table 5 ).
Three patients withdrew from the study: one in the LD group (because of pulmonary embolus) and two in the STD group (one because of nephrotic-range proteinuria and one because of pneumonia). One patient in the SC group, who did not withdraw, missed his 12-month visit. Rapamycin was used for ,300 days in two LD recipients (one with pulmonary embolus who withdrew and one who underwent pilonidal cyst surgery and had oral ulcerations), and in five STD recipients (one with nephrotic-range proteinuria who withdrew, one with pneumonia who withdrew, one with stomatitis and intense anxiety, one who had elective plastic surgery, and one with vision change). Adverse events did not significantly differ among the groups except for oral ulcerations (Table 4) . No episode of AKI occurred.
Discussion
The renal effects of inactivating mutations of PKD1 in the Han:SPRD rat (19) (20) (21) (22) and in the orpk-rescue and bpk murine models (23, 24) were mitigated by the mTOR inhibitor rapamycin, which significantly reduced cyst formation and preserved renal function. However, rapamycin doses exceeded those safe for humans (19) (20) (21) (22) (23) (24) . In a recent animal study of both low-and high-dose rapamycin, a clinically acceptable blood level of 3 ng/ml was achieved, but doses of 10 mg/kg were required (25) . In a seminal study in Han: SPRD rats (19) , rapamycin "did not completely prevent progression of cystic disease" but "markedly retarded renal functional loss," an evaluation indicating its more measurable effect on renal function than on cystic expansion in this animal model (20) .
In the present study, LD rapamycin was associated with a significant increase in GFR measured by 125 I-iothalamate without a significant change in TKV, and without concordance for the GFR effect when estimated by the CKD-EPI equation. These findings raise several questions.
First, why was there a significant increase in iGFR and no significant slowing of TKV increase? It is now known that for every renal cyst detectable at a threshold diameter of 0.9 mm by T2-weighted magnetic resonance imaging (MRI) there are histologically about 62 smaller cysts (10) . Consequently, size might decrease in thousands of exquisitely small cysts, calculated to average about 35,800 in two kidneys (10), which could improve GFR with minimal or no detectable slowing of an increase in TKV. For example, on the basis of the MRI threshold of 0.9 mm, if all the nonvisible cysts were 0.8 mm in diameter and half were eliminated by a particular treatment, the reduction in TKV would be ,5 ml (1/2335,80034/333.141630.40 3 /1000) (10) . On the basis of a starting TKV of 1500 ml, an expected 5.3% annual TKV increase (3) of approximately 80 ml would still be 75 ml (i.e., an 80-ml expected TKV increase at 1 year is diminished by only 5 ml despite a treatment effect). The hypothesized functional improvement from changes in such minute cysts would depend on the location of the cysts (renal cortex: less compression of the vasculature, tubules, and glomeruli; medullary collecting ducts: decreased obstruction of multiple upstream nephrons) (10) . Another pathway that could affect early cyst formation and initially have little measurable effect on TKV involves cyst-promoting and cystogenic cells (32, 33) . In a polycystic mouse model, alternatively activated macrophages home to cystic areas and promote cyst growth (32) . Rapamycin decreases macrophage colony-stimulating factor-dependent macrophage proliferation in a dose-dependent manner (34) and can inhibit macrophage chemotaxis and phagocytosis (35) , but alternatively activated macrophages have not been studied specifically. However, CD133 + progenitor cells from human polycystic kidneys, but not from normal kidneys, form cysts in vitro and in severe combined immunodeficiency mice (33) . Rapamycin inhibits CD133 + proliferation in vitro and suppresses CD133 + progenitor cell-induced cystogenesis (33) . Although speculative, these findings raise the possibility that rapamycin might suppress select cell populations, with GFR improving before any detectable effect on TKV or "intermediate volume" (36) .
Although the most frequently used method for measuring TKV is MRI (3) (4) (5) 7, 10, 16, 17, 27, 37) , CT with iodinated contrast is also used in ADPKD (2, 4, 18, 36) . Direct comparisons between noncontrast CT and MRI in ADPKD show a TKV difference within 3.1% below to 3.6% above true TKV (mean of MRI and CT) (Irazabal MV, personal communication, November 3, 2012).
Other factors that could diminish the effect of rapamycin on TKV include patients with limited rapamycin exposure (see Results), rapamycin not reaching target renal tubular epithelial cells (38) , only low levels of mTOR activity being present in 65%-70% of ADPKD cysts (39) , polycystic kidneys reaching a point of "irreversible damage" unresponsive to therapy (40) , male sex accelerating the rate of renal function decline in ADPKD (41) and exhibiting a diminished response to mTOR inhibitors when the eGFR is ,60 ml/min per 1.73 m 2 (42) .
Second, why was the change in iGFR not seen when GFR was estimated by the CKD-EPI equation? Although GFR estimated by the CKD-EPI equation is "somewhat more precise and accurate than the Modification of Diet in Renal Disease equation, especially at higher GFRs," iGFR remains the standard against which CKD-EPI is evaluated (26) . The CKD-EPI equation "does not overcome the limitations of serum creatinine as an endogenous filtration marker" (26) . Nonradiolabeled iothalamate (37) and nonradiolabeled iohexal plasma disappearance have had similar results (18) . Third, what type of ADPKD population do our patients represent? On the basis of their older age and other risk factors for progression (Table 1) , which include a greater baseline TKV (Table 3 , Supplemental Figure 1 ), our patients had a higher risk for progressive renal failure based on the ADPKD patient profiles described in the Consortium for Radiologic Imaging Studies (3).
Fourth, why did low, but not standard, doses of rapamycin show a positive iGFR effect? LD rapamycin had fewer adverse effects than STD and permitted more patients to complete $300 days of treatment: eight in the LD group versus five in the STD group. The number of rapamycin-treated patients with data at 12 months was nine in the LD group and eight in the STD group. Taken together, these results reflect a longer duration of therapy and a larger number of 12-month results in LD. In a PKD1-mutant mouse model (PKD1 nlnl ), LD rapamycin started early at 3 weeks (blood levels approximately 3 ng/ml) did have a significant cyst reduction effect after 5 weeks of treatment and trended toward an effect after 13 weeks; no renal function data were presented (25) .
Three serious adverse events occurred in the rapamycin groups. In the LD group, a 46-year-old woman with a massive right kidney, TKV of 7521 ml, and iGFR of 29 ml/min per 1.73 m 2 developed bilateral pulmonary emboli from which she recovered uneventfully with prompt anticoagulation. Rapamycin was discontinued. Large right polycystic kidneys have been associated with thromboembolic disease (43) , and ADPKD is the greatest risk for pulmonary emboli after renal transplantation (44) . Rapamycin has been associated with thromboembolic disease (45) , although that has been challenged (46) . In the STD group, a 56-year-old man with an initial iGFR of 36 ml/min per 1.73 m 2 and 24-hour urine protein of 290 mg developed nephrotic-range proteinuria at 6 months. Rapamycin was discontinued. An open renal biopsy showed FSGS. Primary glomerulopathies, most commonly FSGS, can occur with ADPKD in the absence of rapamycin (47) . Rapamycin has been reported to decrease proteinuria in some steroid-resistant patients with FSGS (48). However, de novo FSGS has been reported with rapamycin levels .12.8 ng/ml in kidney transplant recipients (49) . In the STD group, a 55-year-old woman with decreased visual acuity and newly identified severe sleep apnea was diagnosed by a neuro-ophthalmologist as having mild retinal cone dysfunction after 6 months of rapamycin. Although the neuro-ophthalmologist did not find any association with rapamycin, rapamycin was discontinued while she continued in the study. A second examination showed definite improvement. This entity has not been reported with rapamycin.
The present study has several limitations. The number of patients was small (n=30); 26 completed the study. Because of the small sample size, the lack of statistical significance should not be interpreted as absence of treatment effect. Three of the four patients who did not have 12-month data were in the rapamycin groups (one in the LD group and two in the STD group). Although there was significant separation between TBLs in the LD and STD groups, it was more difficult to maintain STD in the desired TBL range of $5-8 ng/ml because of adverse events. Rapamycin medication was open-label without placebo control. The study duration was only 12 months.
In conclusion, LD rapamycin was associated with improved short-term (6 and 12 months) renal function measured by change in iGFR without significant change in TKV or eGFR. Although the sequence for progression of ADPKD involves numerous microcysts expanding into macrocysts that measurably increase TKV and decrease GFR, the sequence for response to certain therapies might first be a reduction in microcysts, then initial improvement in GFR, and finally diminution of macrocystic disease and slowing of the increase in TKV. These findings and their underlying hypotheses might be useful considerations in larger studies of rapamycin or other ADPKD treatments.
